[a greater understanding of]{.smallcaps} the mechanisms responsible for the morphology of the aortic pressure waveform may further our understanding of studies such as Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) and Second Australian National Blood Pressure Trial (ANBP2), where there were lower event rates with newer antihypertensive regimes (e.g., angiotensin-converting enzyme- and calcium channel blocker-based therapy) than older regimes (β-blocker- and diuretic-based therapy), despite an equivalent brachial blood pressure ([@B8], [@B9], [@B34]). The augmentation index (AIx) is a measure of the pressure increment from the shoulder of the systolic waveform, normalized to pulse pressure, and is considered a proxy measure of wave reflection ([@B21], [@B23], [@B26]). Aortic (or central) AIx can be readily estimated from the pulse waveform measured directly at the carotid or radial arteries with ([@B3], [@B4]) or without ([@B5]) the use of a transfer function. However, studies examining the relationship between the AIx and cardiovascular events or mortality have produced disparate conclusions ([@B6], [@B7], [@B10], [@B18], [@B31]).

One explanation of these contradictory findings is that the AIx depends on both the timing and magnitude of reflected waves and that differential changes in each of these factors (e.g., with age) may account for inconsistencies. An alternative explanation is that the AIx is not simply or even largely a result of discrete reflected waves ([@B33]). Indeed, a metaanalysis of the published literature has failed to identify the changes in reflection timing on which the current hypotheses for pressure augmentation are based ([@B1]).

Recent studies have proposed that the capacitive or reservoir function of the aorta and large elastic arteries plays a major (and neglected) role in determining the morphology of the pulse waveform ([@B30]) and that the pressure waveform can be explained in terms of a reservoir pressure related to arterial compliance and an "excess" or wave-related pressure because of traveling waves, as first proposed by Lighthill ([@B17]). In anesthetized dogs, reflected waves were negligible in the proximal aorta after allowance for reservoir pressure, implying as originally suggested by Womersley that the design of the arterial tree minimizes backward wave reflections ([@B36]). Therefore, we hypothesized that once reservoir pressure is taken into account, the magnitude of reflections would be minimal in the human aorta.

We tested this hypothesis by using a "wave reservoir" model, which calculates reservoir pressure on the basis of the pressure and flow velocity waveforms. This approach was used to examine the relative contributions of longitudinal waves and the reservoir to the morphology of the aortic pressure waveform and to the magnitude of the AIx. Furthermore, we go on to explore how the reservoir and wave pressure components change with aging to determine the shape of the arterial pressure waveform.

METHODS
=======

### Subjects.

Eighteen subjects in whom the probability of coronary artery disease was considered relatively low were recruited from a group of patients scheduled for coronary angiography. All subjects rested in bed for 1 h before angiography. Exclusion criteria included previous coronary intervention, valvular pathology, regional wall motion abnormality, and non-sinus rhythm. All subjects had good left ventricular function with ejection fraction exceeding 55%. All subjects were required to refrain from coffee and alcohol for at least 12 h and fasted for at least 9 h before the beginning of the study. Subjects who smoked were asked to refrain from smoking for at least 24 h before the study. All subjects received heparin (5,000 units intravenously) before the hemodynamic measurement phase; no other drugs were administered. Each subject gave written informed consent for participation in this study, which was approved by our local ethics committee. All studies were performed in accordance with our institution\'s guidelines. Of the 18 subjects screened, 15 were found to have no significant coronary artery disease on angiography (characteristics of these subjects are shown in [Table 1](#T1){ref-type="table"}), and these individuals proceeded to have measurements of aortic flow velocity and pressure. A 0.014-in.-diameter pressure wire (Wavewire) and a Doppler-flow wire (Flowwire, Volcano Therapeutics, formerly Jomed) were positioned 5 cm from the aortic valve using fluoroscopy. Each wire was carefully positioned to ensure that its sensor tip was aligned and that there was a stable signal. Concurrent analog output feeds were taken from an electrocardiogram and Wavewire and Flowwire consoles into a National Instruments DAQ-Card AI-16E-4 and acquired at 1 kHz using Labview. The recorded data were analyzed off-line using custom-written Matlab software (Mathworks, Natick, MA). The blood pressure and Doppler velocity recordings were filtered using a least-squares (Savitzky-Golay) polynomial smoothing filter ([@B25]) and ensemble-averaged using the ECG R wave as a fiducial point.

###### 

Data for continuous variables or categories

  Variable                                     Value
  -------------------------------------------- ------------
  Subjects recruited                           18
  Age, yr                                      54 ± 10.3
  Female sex                                   13 (68)
  Height, cm                                   164 ± 8.9
  Weight, kg                                   75 ± 15
  Blood pressure, mmHg                         
      Systolic                                 151 ± 22
      Diastolic                                82 ± 12
  Total cholestrol, mmol/l                     5.02 ± 1.1
  HDL cholestrol, mmol/l                       1.6 ± 0.9
  Triglycerides, mmol/l                        1.5 ± 0.9
  History of diabetes mellitus, *n* (%)        0 (0)
  History of ischemic heart disease, *n* (%)   4 (21)
  History of hypertension, *n* (%)             11 (58)
  History of smoking, *n* (%)                  9 (47)
  Drugs                                        
      Asprin, *n* (%)                          9 (47)
      Statin, *n* (%)                          8 (42)
      Calcium antagonist, *n* (%)              2 (11)
      β-Blocker, *n* (%)                       4 (21)
      Angiotensin II blocker, *n* (%)          1 (5)
      α-Blocker, *n* (%)                       1 (5)

Data are means ± SD or *n* (%).

### AIx and augmentation pressure calculations.

We used a conventional approach that defines the beginning of augmentation as the shoulder or inflection point (using the fourth-derivative method). At that instant in time, a reference value was taken for each of the two or three pressure components (forward wave pressure, backward wave pressure, and when included, reservoir pressure, [Fig. 3](#F3){ref-type="fig"}). The highest subsequent value of that pressure component minus its reference value at the time of inflection is defined as the pressure augmentation by that component. The AIx was calculated as previously described ([@B21]).

As separated pressure is potentially sensitive to the imputed timings, we also calculated the area under the curve (or the pressure integral) over the complete cardiac cycle for each component, as a more time-independent measure.

### Calculation of the arterial reservoir pressure and pressure separation.

During left ventricular contraction, blood enters the aorta faster than it can leave; this increasing volume distends the aorta, increasing the reservoir pressure ([@B12]). The reservoir pressure generated is therefore determined by the instantaneous difference between inflow and outflow and the arterial compliance. The relationship between reservoir pressure and flow into the reservoir can also be viewed as the transverse impedance ([@B19]). During diastole, there is no inflow through the aortic valve and reservoir pressure declines quasiexponentially as blood leaves the aorta. We calculated the reservoir pressure using pressure and flow velocity as described by Wang et al. ([@B30]). Following the calculation of the reservoir pressure ([Fig. 1](#F1){ref-type="fig"}, *label 1*), the pressure attributable to longitudinal waves was calculated by subtracting the reservoir pressure from the measured pressure ([Fig. 1](#F1){ref-type="fig"}, *label 2*). Forward ([*Eq. 1*](#FD1){ref-type="disp-formula"}) and backward ([*Eq. 2*](#FD2){ref-type="disp-formula"}) pressures were then calculated using wave intensity analysis. This time domain approach gives essentially identical results to wave separation performed using frequency domain (impedance)-based approaches ([@B28]). An analysis was undertaken for wave-only and wave-reservoir models ([Fig. 1](#F1){ref-type="fig"}, *label 3*), where dP is the incremental change in the measured or wave pressure, and d*U* the incremental change in blood velocity. ρ is the density of blood (taken as 1,050 kg/m^3^), and c is the wave speed calculated using the single-point equation ([@B11]). $$P_{\text{forward}} = {\sum\left\lbrack {\frac{1}{2}\left( {\text{dP} + \rho\text{cd}U} \right)} \right\rbrack}$$ $$P_{\text{backward}} = {\sum\left\lbrack {\frac{1}{2}\left( {\text{dP} - \rho\text{cd}U} \right)} \right\rbrack}$$ The reflection coefficient (calculated as peak P~backward~/peak P~forward~), separated pressures, augmentation pressure, and AIx were calculated by both ignoring and accounting for the arterial reservoir.

![Illustration of the 3-stage process used to separate measured pressure into its reservoir, forward, and backward pressure components. Reservoir pressure is calculated from measured pressure and velocity. Wave pressure is calculated by subtracting reservoir pressure from measured pressure. Wave pressure is separated into forward and backward pressure components using velocity data.](zh40031092320001){#F1}

### Reproducibility.

The reproducibility of hemodynamic measurements was assessed by examining separate 30-s recordings of blood pressure and velocity for each patient. The standard deviation of the difference between these replicate recordings in the aorta was ±5.9 mmHg for mean blood pressure (5% within subject coefficient of variation) and ±0.31 ms^−1^ for mean Doppler velocity (16% within subject coefficient of variation).

### Statistical analysis.

StatView 5.0 (SAS Institute, Cary, NC) was used for statistical analyses. Continuous variables are reported as means ± SE and categorical variables as *n* (in %). Comparisons were made using Student\'s *t*-test for continuous data, and a χ^2^ test was used for categorical variables. Associations were examined using linear regression. *P* \< 0.05 was taken as statistically significant.

RESULTS
=======

### The effect of the reservoir pressure on the calculated separated pressures.

An example of a pressure waveform separated into forward and backward components, with and without inclusion of the reservoir pressure, is shown in [Fig. 2](#F2){ref-type="fig"}. Accounting for the reservoir pressure markedly reduced peak backward (reflected) pressure by 88% (*P* \< 0.001), peak forward pressure by 33% (*P* \< 0.001), and the reflection coefficient by 81% (*P* \< 0.001, [Table 2](#T2){ref-type="table"}).

![Impact of accounting for the arterial reservoir pressure on the calculated forward- and backward-traveling pressure waves. The pressure wave is separated into its constituent components ignoring (*left*) and then accounting for (*right*) the aortic reservoir. When the aortic reservoir is ignored, both the forward and backward peak pressures are substantial and during diastole, they are equal and decrease slowly and continuously. When the reservoir pressure is taken into account, the backward-traveling (reflected) wave is significantly reduced and forward and backward wave pressures are absent following closure of the aortic valve.](zh40031092320002){#F2}

###### 

Constituents of pulse pressure, systolic pressure, and augmentation pressure (peak) with and without accounting for the reservoir

  Variable                        Ignoring Reservoir   Accounting for Reservoir   *P*
  ------------------------------- -------------------- -------------------------- ---------
  Pulse pressure, mmHg                                                            
      Forward                     45.0 ± 3.1           30.0 ± 2.3                 \<0.001
      Backward                    20.1 ± 1.3           2.6 ± 0.5                  \<0.001
      Reservoir                   ---                  44.3 ± 3.5                 ---
      Reflection coefficient, %   45                   13                         \<0.001
  Systolic pressure, mmHg                                                         
      Forward                     101.7 ± 3.8          57.4 ± 7.4                 \<0.001
      Backward                    45.6 ± 1.8           5.0 ± 1.7                  \<0.001
      Reservoir                   ---                  84.8 ± 11.3                
  Augmentation pressure, mmHg                                                     
      Forward                     6.5 ± 2.2            ---                        ---
      Backward                    16.2 ± 1.8           5.8 ± 4.4                  \<0.001
      Reservoir                   ---                  19.8 ± 9.3                 

Values are means ± SE. Pulse pressure, systolic pressure, and augmentation pressure were separated into their respective forward and backward ± reservoir pressure. The pulse pressure components were calculated after subtraction of diastolic pressure. After accounting for the reservoir pressure, both forward and backward pressure was significantly reduced. Statistical comparisons were made using a paired Student\'s *t*-test.

### Calculation of constituent components of the augmentation pressure.

Augmentation pressure (the rise in pressure from the inflection point to peak systolic pressure) was 22.7 ± 13.9 mmHg, and the AIx was 33 ± 10%.

When the pressure constituents of the AIx were calculated ignoring the arterial reservoir, the peak backward (reflected) pressure component of the augmentation pressure was larger than the peak forward pressure component (16.2 ± 7.6 vs. 6.5 ± 9.4 mmHg, *P* \< 0.001, [Table 2](#T2){ref-type="table"}) and backward pressure comprised 71% of the AIx ([Fig. 3](#F3){ref-type="fig"}, *left*). However, when the pressure constituents of the AIx were calculated accounting for the arterial reservoir, the calculated backward (reflected) pressure was no longer the principal constituent of augmented pressure. Backward (reflected) pressure only accounted for 5.8 ± 4.3 mmHg of augmentation pressure and only 25% of the AIx (a reduction of 64% compared with findings ignoring the reservoir pressure). The reservoir pressure was the largest component of the augmentation pressure (19.8 ± 9.2 mmHg, *P* \< 0.001, [Table 2](#T2){ref-type="table"}) and AIx (87%, [Fig. 3](#F3){ref-type="fig"}, *right*), and there was little or no contribution from the forward-pressure component.

![Calculation of the components of augmentation pressure ignoring (*left*) and accounting for (*right*) the aortic reservoir pressure. Pressure was separated first using conventional separation technique, which ignores the reservoir pressure, and then using the wave reservoir technique, which accounts for aortic reservoir pressure. Augmentation pressure was calculated as the rise in pressure between the inflection point and peak pressure. With the use of the wave-only analysis (*left*; which ignores the aortic reservoir), the augmentation pressure is composed predominantly from backward-traveling pressure with a small contribution from the ongoing forward-traveling pressure. When the reservoir is accounted for (*right*), pressure augmentation primarily arises from reservoir pressure, with a far smaller contribution arising from backward-traveling pressure. The forward-traveling pressure was found to no longer contribute.](zh40031092320003){#F3}

### Reservoir phenomenon and wave speed.

We examined the relationship between the magnitude of the reservoir pressure and aortic pulse wave velocity measured using the foot-to-foot technique over a 50-cm length of aorta (distal from the aortic root). Reservoir pressure was closely correlated to pulse-wave velocity squared (*r* = 0.67, *P* \< 0.001), which is not surprising since the square of the wave speed is inversely related to the distensibility of the aorta. With the use of regression analysis, pulse-wave velocity was found to increase by 3.42 m/s for every 10 mmHg increase in reservoir pressure.

### Changes in magnitude and timing of pressure constituents with age.

We applied the same analysis over the entire pressure waveform to assess the changes in forward, backward, and reservoir pressures that occur with age. The whole group included subjects with characteristically different-shaped pressure waveforms (i.e., type A, type B, and type D beats) ([@B2]). The augmentation pressure and AIx both increased with aging. When the aortic reservoir was ignored, both the forward and backward pressures increased with aging ([Table 3](#T3){ref-type="table"}). However, when the aortic reservoir was accounted for, the forward pressure continued to increase with aging ([Table 3](#T3){ref-type="table"}, and [Fig. 4*A*](#F4){ref-type="fig"}) but the backward pressure was no longer found to increase ([Table 3](#T3){ref-type="table"}, and [Fig. 4*B*](#F4){ref-type="fig"}). The reservoir pressure was found to markedly increase with aging ([Table 3](#T3){ref-type="table"}, and [Fig. 4*C*](#F4){ref-type="fig"}). These findings are essentially identical when applied using either pulse pressure or systolic pressure waveforms.

###### 

The relationship between age and forward, backward, and reservoir components of the pulse pressure waveform

  Component                  Age Dependence Pulse (Systolic) Pressure, mmHg/decade   *r*^2^   *P*
  -------------------------- ------------------------------------------------------- -------- ---------
  Ignoring reservoir                                                                          
      Forward                11.8 (11.1)                                             0.4      0.009
      Backward               4.8 (4.5)                                               0.41     0.008
  Accounting for reservoir                                                                    
      Forward                3.6 (4.1)                                               0.36     \<0.02
      Backward               0.13 (0.15)                                             0.004    0.82
      Reservoir              9.9 (11.3)                                              0.69     \<0.001

The pulse pressure and systolic pressure waveforms were separated into wave and reservoir components before and after accounting for the reservoir. Before the accounting for the reservoir pressure, both forward and backward pressure increased with increasing age. After the accounting for the arterial reservoir, reservoir pressure increased rapidly with age (note that aging explained 69% of the variance in reservoir pressure), exceeding the age-related increases in forward pressure. However, backward pressure was found to no longer increase with age. Observations were very similar when using either pulse pressure or systolic pressure waveforms.

![Relationship between separated pressure components and aging after accounting for the aortic reservoir pressure. The pressure waveform was separated into forward (*A*) and backward (*B*) and reservoir (*C*) pressure components. With increasing age, both forward and arterial reservoir pressure increased. However, the backward pressure component was not significantly correlated with age.](zh40031092320004){#F4}

DISCUSSION
==========

In this study, we have used a novel "wave reservoir" model to analyze the components making up the aortic pressure waveform in humans. In contrast to widely held assumptions, after accounting for the reservoir, the contribution from reflected waves is small, although not absent, and reservoir pressure is the dominant contributor to the AIx and augmentation pressure. Increases in both the arterial reservoir pressure and forward pressure and not in distal reflection explained the change in the aortic pressure waveform with aging.

Our study confirms previous observations regarding an increase in the AIx and augmentation pressure with aging but does not address the potential utility of the AIx as a clinical predictor of disease. Importantly, however, it provides a novel mechanistic insight into the factors responsible for the shape of the aortic pressure waveform in humans by demonstrating that while the onset of pressure augmentation (the shoulder) is determined by the arrival of the backward-traveling (reflected) wave, the degree of augmentation is principally determined by the arterial reservoir.

The concept of an arterial reservoir used in this study bears some similarities to the two-element windkessel concept introduced by Frank ([@B12]) and later developed into a three-element model ([@B32]). The two-element windkessel is now rarely used in hemodynamic modeling because of its zero-dimensional nature (i.e., it assumes an infinite wave speed) and its inability to accurately predict the pressure waveform in systole. Unlike the two-element windkessel, we do not propose that local loading involves instantaneous integration across the total compliance of the entire system but rather that the proximal aorta can be considered as one of a number of distributed elements, i.e., a transmission line model. Transmission line models give a more comprehensive description of the origins of the arterial pressure and flow waveforms but at the expense of computational and interpretative complexity. The wave-reservoir concept is a reduced model that draws a distinction between local (transverse) and distal (longitudinal) influences by employing a lumped model for the former while accommodating longitudinal wave travel in the latter. Wave speed is not assumed to be infinite in the wave-reservoir model, except in the local segment, which is assumed to be hydrodynamically compact (i.e., short in relation to the wave speed), permitting the application of a windkessel-type analysis.

As a result of the limitations of the windkessel-only model applied to the whole circulation, the traveling-wave paradigm and its associated analytical techniques have been widely adopted. These approaches successfully describe the shape of the pressure and flow waveforms, but pressure waveform separation results in a biologically implausible phenomenon: simultaneous "self canceling" forward- and backward-traveling waves in diastole. This is an inevitable consequence of the linear assumptions employed in wave separation and the neglect of a reservoir. During diastole, inflow into the proximal aorta is nearly zero, while pressure falls in a quasiexponential fashion. Consequently, any linear separation technique will result in forward and backward pressure with nearly equal magnitudes in diastole.

We propose that this phenomenon of self-canceling flow waves and additive pressure waves arises as a result of neglecting the increase in volume resulting from radial distension, which is substantial in the aorta and elastic arteries ([@B24]). Indeed, around 40% of stroke volume ejected in systole is stored in the distended elastic arteries ([@B30]). The aortic reservoir pressure, by definition, is proportional to the volume of blood stored in the aorta, which in turn depends on the compliance of the aorta and the impedance to outflow. Downstream impedance mismatching and wave reflection in will therefore contribute to the magnitude of the reservoir pressure. In effect, the arterial reservoir acts like a water tower (or multiple interconnecting water towers) storing volume in ejection and damping the pressure pulse and discharging the stored volume once ejection ceases. A subtraction of the reservoir pressure accounts for the potential energy stored in the reservoir and permits linear wave separation techniques to be applied.

Wave reflection, previously thought to be the major constituent of augmentation pressure and diastolic pressure, arises at sites of impedance mismatch (e.g., at branches) ([@B13], [@B22]). While such discrete reflections do occur and may have substantial magnitude locally, the arrangement of the arterial tree markedly attenuates the backward travel of waves such that a limited amount of reflection is evident in the proximal aorta once the arterial reservoir is accounted for ([@B30], [@B33], [@B35]). In this regard, our observations are consistent with a previous invasive study of healthy children ([@B27]) and other studies in anesthetized dogs ([@B16]).

While wave reflection is not completely abolished after reservoir subtraction, our observations indicate that the AIx is not predominantly a measure of wave reflection but rather is largely due to the compliant properties of the aorta and other elastic arteries ([@B15], [@B20]). As the aorta becomes stiffer (i.e., its compliance falls) with increasing age or disease, pressure in the arterial reservoir rises more rapidly for a similar increase in volume and reaches higher levels ([Fig. 4](#F4){ref-type="fig"}, and [Table 3](#T3){ref-type="table"}) ([@B29]). This results in an increase in the AIx or augmentation pressure. This phenomenon, namely a change in local properties causing a change in the aortic waveform, has been observed in experiments that demonstrated acute changes in the pressure augmentation (akin to the pattern seen in aging) by applying a relatively noncompliant Teflon graft to the elastic portion of the aorta of healthy pigs ([@B14]) and dogs ([@B15]), without changes being made to the distal reflection sites ([@B14]).

### Study limitations.

In this study the mean age of our patients was 54 yr, ranging between 35--73 yr. While it was possible to demonstrate a clear difference in the timing of wave reflection between young, middle-aged, and elderly adult subjects, it is possible that the timing and magnitude of the reflected waves may differ in subjects even younger than those studied here. It is also possible that, in much younger subjects, with a fall in pressure after the shoulder (so-called C-type waveforms) or in subjects with markedly elevated heart rates, there may be greater difficulty in fitting the monoexponential segment of the reservoir pressure, although the concept of the reservoir phenomenon would still hold true. Ethically, it was only possible for us to make hemodynamic measurements in subjects already undergoing coronary angiography on clinical grounds, and subjects younger than 35 yr rarely require this invasive procedure.

### Conclusions.

The arterial reservoir makes a large contribution to the aortic blood pressure waveform in humans and is the principal component of the AIx. In contrast, wave reflection only made a minor contribution to the AIx. This reservoir pressure is the aggregate pressure resulting from the net difference between the total arterial system inflow and outflow divided by an effective arterial compliance. Reservoir pressure increases markedly with aging, probably as a result of decreased compliance, and this is the major factor accounting for the associated change in morphology of the aortic pressure waveform. Modifying the behavior of the arterial reservoir rather than changing wave reflection may be a useful target for future therapy.
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